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Abstract: This study was carried out to investigate the impacts of bacterial inoculation on texturally different soil samples under
greenhouse conditions. Sandy loam (SL), clay loam (CL), and clay (C) textured soils were inoculated with Bacillus arenosi K64 (B.
arenosi), Bacillus megaterium M3 (B. megaterium), and Bacillus subtilis OSU 142 (B. subtilis) isolates and then incubated at 5 different
periods [I (20 days), II (40 days), III (60 days), IV (80 days), and V (100 days)]. Soil physical properties, including bulk density, total
porosity, mean weight diameter, and intrinsic permeability, were evaluated. It was found that bacterial inoculation caused a decrease
in soil bulk density and intrinsic permeability, increased porosity, and mean weight diameter. In sum, the most effective results were
noticed in the soils inoculated with B. subtilis.
Key words: Soil physic, bacterial inoculation, soil structure

1. Introduction
Bacteria beneficial for soil are directly and indirectly
related to plant growth and positively affect soil properties.
The increased use of rhizospheric microorganisms in
sustainable agricultural production systems, their positive
contribution to plant growth and soil properties, the
elimination of other adverse conditions, and the intensified
stress caused by the climatic change are essential. In
particular, beneficial microorganisms that promote plant
growth have a critical effect on soil functions (Nannipieri et
al., 2003; Barea et al., 2005). The waste products produced
by these microorganisms, which differ in terms of their
types and functions, effectively impact soil structure,
quality and productivity, and the environment (Costa et
al., 2018). These products have sustainable effects on the
development of organo-mineral complexes in the soil,
retaining soil water and nutrients, supply water to plants,
drought stress resistance, contributing to physical contact
between plant roots and soil particles, development of
aggregation, and promoting microbial activity and carbon
storage (Celik et al., 2004; Vardharajula and Ali, 2014;
Wang et al., 2015; Carminati et al., 2017; Dar et al., 2021).
Soil aggregates provide good physical conditions essential
for sustainable use, crop production, and environmental
quality (Bronick and Lal, 2005; Kumar et al., 2021).
Elements such as texture, organic matter, microorganisms,
and electrolytes that make up the soil play a vital role

in forming aggregates and, in turn, the structure. Stable
aggregates have critical importance on many parameters
affecting vegetative crop production, such as soil erosion
sensitivity, formation of the appropriate air-water system,
increase in soil moisture available for plant growth,
development of microorganism activity, germination, and
root development (Bronik and Lal, 2005; Tang et al., 2011;
Hacimuftuoglu and Canbolat, 2020).
The physicochemical characteristics of soil affect
microbial community composition, activity, and biomass
level (Griffiths et al., 2008; Bilen et al., 2019). Agricultural
productivity is substantially dependent on the function of
the soil microbial populations (Kibblewhite et al., 2008).
The type and abundance of microbial communities are
the key indicators for the soil quality index and effectively
managing agricultural systems (Kennedy and Smith, 1995;
Ozlu et al., 2022). Microbial activity is generally related
to organic matter, soil texture, bulk density, moisture
content, nutrient content, and reaction (Bilen et al., 2021).
Artyszak and Gozdowski (2020) emphasized that soil
pore properties effectively spread bacteria. Furthermore,
increased pore content due to the decrease in soil bulk
density causes an increase in bacterial cells. Extracellular
polymeric substances (such as polysaccharides and
polyuronides) secreted by many soil bacteria may affect
the formation and stability of microorganisms aggregates
(Harris and Mitchell, 1973; Zhang et al., 2021). Due to

* Correspondence: fazil@atauni.edu.tr

536

This work is licensed under a Creative Commons Attribution 4.0 International License.

HACIMÜFTÜOĞLU and CANBOLAT / Turk J Agric For
these events, the development of soil structure may ensure
good physical conditions and resistance to soil dispersion
and degradation (Costa et al., 2018; Totsche et al., 2018).
The dispersion ratio is one of the crucial parameters of
soil degradation. Soil degradation is one of the biggest
problems of agricultural areas (Obalum et al., 2017). As a
result of soil degradation, structural deterioration begins
(Chan et al., 2003). Deterioration in soil structure caused
by dispersion of aggregates and reduction in soil organic
carbon content is essential in increasing soil surface
erodibility (Charman and Murphy, 2007; Nakajima et al.,
2016). The increase in the amount of organic matter in the
soil and the development of aggregation and soil structure
provide a resistant situation to degradation and dispersion
(Abiven et al., 2007; Obalum et al., 2017).
Biological soil properties affect bulk density, porosity,
permeability, and stability. The association between these
features and bacteria, such as B. subtilis (Martin et al., 1965;
Barabesi, 2007; Joshi et al., 2017), B. megaterium (Lian
et al., 2006; Yilmaz and Sönmez, 2017), and B. arenosi
(Akoğuz et al., 2018; Varmazyari and Baris, 2022) have
been investigated. On this occasion, De Belie and Wang
(2015) and Hua et al. (2019) stated an improvement in soil
physical properties due to bacterial inoculation. In addition,
B. subtilis from different microbial species can secrete
hydrolytic enzymes (Collins and Jacobsen, 2003; Cazorla
et al., 2007), protect the plants from harsh conditions,
and positively affect seed germination percentage, root
and tiller height, and plant dry weight (Saikia et al.,
2018). Bacillus species also secrete exopolysaccharides
and siderophores that inhibit or prevent the movement of
toxic ions, maintain an ionic balance, and promote water
uptake by roots (Costa et al., 2018). These compounds also
inhibit pathogenic microbial populations. Bacillus species
are considered safe because they produce beneficial
substances for soil properties, plant growth, and industrial
compounds (Stein, 2005; Radhakrishnan et al., 2017).
Rhizobacteria are naturally found in the soil, and
they can live symbiotically with the plant in the root
zone and form spores, play an encouraging role for the
seedlings to synthesize plant growth hormones such as
auxin, cytokinin, gibberellin during the vegetative period,
and they are critical importance for plant development
(Glick, 2012; Tsukanova et.al, 2017). PGPR bacteria create
a suitable habitat for plant growth by improving some
physical properties of soils (Chandran, 2021). Due to these
properties, in this study, 3 different bacterial isolates from
PGPR bacteria (Bacillus arenosi, Bacillus megaterium,
and Bacillus subtilis) were studied and were carried out to
investigate the effects of bacterial inoculation on coarse,
medium and fine-textured soil physical properties under
different incubation periods.

2. Materials and methods
2.1. Materials
This study was carried out on three surfaces (0–20 cm)
soil samples with different textures; coarse (sandy loam),
medium (clay loam), and fine (clay). The coarse-textured
soil sample was taken from the southwest border of the
Atatürk University campus. In contrast, the mediumtextured soil sample was obtained from Atatürk University
farmland and the fine-textured sample from Daphan plain.
According to the USDA (1999), the soils were classified
as Entisols for coarse-textured, İnceptisols for mediumtextured, and Vertisols for fine-textured soils (Özgül, 2003;
FAO, 2014). For fundamental analysis and trial studies,
soil samples were air-dried in laboratory conditions and
sieved through 4 and 2 mm mesh.
On the other hand, Bacillus arenosi K64 isolate was
obtained from Atatürk University, Faculty of Science
Department of Biology. Bacillus megaterium M3 and
Bacillus subtilis OSU 142 isolate were secured from Atatürk
University, Faculty of Agriculture Department of Soil
Science and Plant Nutrition, Microbiology Department.
2.2. Experimental work
Herein, samples with a bulk density equivalent to natural
conditions were prepared by placing 2000 g soils (on a
dry weight basis) sterilized in an autoclave (at 121 °C for
15 min) into pots with a volume of 2200 cm3. This work
was conducted on 3 soils (SL, CL, and C), 4 applications
(Bacteria uninoculated soils (control), Bacillus arenosi
K64, Bacillus megaterium M3, and Bacillus subtilis OSU 142
inoculated soils), and 5 different incubation periods [I (20
days), II (40 days), III (60 days), IV (80 days), and V (100
days)] under greenhouse conditions. With 3 replications,
the parameters of the microorganism population and soil
physical properties (such as bulk density, total porosity,
mean weight diameter, and intrinsic permeability) were
determined.
Pure cultures from Bacillus arenosi K64, Bacillus
megaterium M3, and Bacillus subtilis OSU 142 strains stored
at –80 °C were grown in nutrient broth at 28 °C. The final
concentration was adjusted to 108 CFU/mL after dilution
(Cakmakci et al., 2001). The amount of sterile distilled
water required for soils with different textural properties
to reach the field capacity moisture level was determined
and then added, and 10 mL bacterial solution and 0.25%
sugar (Martin, 1944) were added as an energy source.
Soils sterilized in an autoclave at 121 °C for 15 min were
inoculated by bacteria and then incubated. Bacteria count
in different soil was diluted, 0.01 mL of the last dilution
(10–5) was taken with a sterile micropipette and grown in
a nutrient agar medium. After 3–5 days of incubation at
28 °C, the number of bacteria was determined by colony
counting in Petri dishes according to the Breed method
(Germida, 1993).
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The experiment was designed by a three-way analysis
of variance completely randomized. The mathematical
model equation that included the effects factors was given
below (Rasch et al., 2011).
yijkl + μ + αi + bj + ck + (ab)ij + (bc)jk + (ac)ik + (abc)ijk + eijkl
µ : The general mean				
αi: The main effects of soil
bj: The main effects of applications
ck: The main effects of incubation periods
(ab)ij: The interaction effects between soil and
applications
(bc)jk: The interaction effects between applications and
incubation periods
(ac)ik: The interaction effects between soil and
incubation periods
(abc)ijk: The interaction effects between soil,
applications, and incubation periods
eijkl: Random error

2.3. Physical and chemical analyses
Soil texture was determined by the Bouyoucos hydrometer
method (Gee and Bauder, 1986), soil reaction (pH) by
glass electrode pH meter (McLean, 1982), lime content
by Scheibler calcimeter (Nelson, 1982), organic matter
content by Smith Weldon method (Nelson and Sommers,
1982), electrical conductivity (EC) value with electrical
conductivity instrument (Rhoades, 1982a), cation
exchange capacity (CEC) measured according to the
ammonium acetate (pH 7.0) method (Rhoades, 1982b),
particle density by pycnometer method (Blake and Hartge,
1986), field capacity and permanent wilting point were
determined by the pressure extractor method (Cassel and
Nielsen, 1986). On the other hand, Soil bulk density was
determined by the cylinder method (Blake and Hartge,
1986), and total porosity was calculated from bulk weight
and particle density.
𝜌𝜌!
Total porosity (n) = 01 − 4 × 100
𝜌𝜌"

ρb: bulk density,
ρp: particle density
$
Mean
weight
diameter
of soil samples smaller than
𝑀𝑀𝑀𝑀𝑀𝑀 = : 𝑥𝑥̅ 𝑤𝑤#
𝜌𝜌! through meshes with
4 mm were sieved subsequently
#%
Total porosity
(n) = 01 − 4 × 100
a diameter of 2 mm, 1 mm, and
𝜌𝜌" 0.5 mm (Kemper and
Rosenau,𝑄𝑄1986),
𝐿𝐿 𝑐𝑐𝑐𝑐
𝑘𝑘 =
$
𝐴𝐴 𝑡𝑡 𝑖𝑖 𝑠𝑠𝑠𝑠
𝑀𝑀𝑀𝑀𝑀𝑀 = : 𝑥𝑥̅ 𝑤𝑤#
𝑛𝑛 #% '
𝑘𝑘H = 𝑘𝑘
10 𝜇𝜇𝜇𝜇(
𝜌𝜌& 𝑔𝑔
where, MWD:
𝑄𝑄 𝐿𝐿 𝑐𝑐𝑐𝑐denotes mean weight diameter, mm; x̄ :
𝑘𝑘 = mean diameter, mm; and wi: refers to fraction
represents
𝐴𝐴 𝑡𝑡 𝑖𝑖 𝑠𝑠𝑠𝑠
ratio value
The intrinsic
permeability
values of
 the soils were
𝑛𝑛
'
(
𝑘𝑘H = 𝑘𝑘 from10the
𝜇𝜇𝜇𝜇
calculated
saturated hydraulic conductivity
𝜌𝜌& 𝑔𝑔
values (Klute and Dirksen, 1986).
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After the soil samples were placed
𝜌𝜌! on the steel cylinder
(5 ×Total
5 cm),
they (n)
were=saturated
wetting from the
porosity
× 100
01 − 4by
𝜌𝜌
bottom. The intrinsic permeability" values were calculated
from the hydraulic
conductivity (k) values found from the
$
amount of water collected in the constant water level water
𝑀𝑀𝑀𝑀𝑀𝑀 = : 𝑥𝑥̅ 𝑤𝑤#
permeability device for
20, 40, and 60 min (Schoeneberger
#%
et al., 2012).
𝑄𝑄 𝐿𝐿 𝑐𝑐𝑐𝑐
𝑘𝑘 =
𝐴𝐴 𝑡𝑡 𝑖𝑖 𝑠𝑠𝑠𝑠

𝑘𝑘H = 𝑘𝑘

𝑛𝑛

𝜌𝜌& 𝑔𝑔

10' 𝜇𝜇𝜇𝜇(

Q: The volume of water passing through the soil sample,
cm3; L: Height of soil column, cm; A: Cross-sectional area
of the soil column, cm2; t: Collection time of water in
volume Q, sn; h: Hydraulic height, cm; n: Viscosity, g (cm
sn)–1; ρw: density of water at test temperature, g cm–3; g:
Gravitational acceleration, cm sn–2
Statistical analysis was performed by ANOVA, and
differences between means were tested using Duncan’s
multiple range test (Dowdy and Wearden, 1983; SPSS,
2011).
3. Results and discussion
In this research, coarse-textured soil has 55% sand, 31%
silt, and 14% clay content, sandy loam texture class;
medium-textured soil has 32% sand, 35% silt, and 33%
clay content, clay loam, and fine-textured soil have 25%
sand, 32% silt, 43% clay content and are in the clay texture
class (Table 1).
According to Table 2 where the organic matter amount
of the soils is classified according to the texture class,
coarse textured soils have medium level, medium and
fine textured soils have low organic matter content. In this
study, the organic matter content of soils in the sandy loam,
clay loam and clay texture class is 1.4%, 1.3%, and 1.6%,
respectively. Soil pH was 7.5, 7.4, and 7.4, respectively. Soil
reactions were neutral EC levels are 1.25 dS/m, 1.20 dS/m,
1.02 dS/m, respectively; CaCO3 levels are 0.42%, 0.4%, and
0.57%, respectively; cation exchange capacity values are
 22
cmol kg–1; 29.4 cmol kg–1 and 47.3 cmol kg–1, respectively.
The soils are salt-free and less calcareous (Schoeneberger
et al., 2012). Field capacity and permanent wilting point
moisture content of soils studied were determined as
28.6% and 9.79% in SL textured soil, 32.1% and 17.4% in
CL textured soil, and 42.6% and 26.2% in C textured soil
(Table 1).
3.1. Bacterial population
In the analysis of variance of the population values of B.
arenosi, B. megaterium, and B. subtilis bacteria inoculated
into the soils in the research subject in different incubation
periods, from sources of variation; soil, application and
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Table 1. Results of some fundamental physical and chemical analyses of soils studied.
Soil texture

Soil properties

Coarse

Medium

Fine

Sand (%)

55

32

25

Silt (%)

31

35

32

Clay (%)

14

33

43

Texture class

SL

CL

C

Organic matter (%)

1.40

1.30

1.6

pH

7.5

7.4

7.4

EC (dS/m)

1.25

1.20

1.02

CaCO3 (%)

0.42

0.40

0.57

CEC, (cmol kg )

22.0

29.4

47.3

Field capacity (%)

28.6

32.1

42.6

Permanent wilting point (%)

9.8

17.4

26.2

–1

Table 2. Classification of soil organic matter* .

Class

Soil organic matter (%)
Sand

Sandy loam

Loam

Clay loam/clay

Low

0.9

1.2

1.6

2.1

Moderate

0.9‒1.7

1.2‒2.4

1.6‒3.1

2.1‒3.4

High

>1.7

>2.4

>3.1

>3.4

From Vitinotes (2006).

*

incubation periods were found to be significant at the
level of 1%. According to the multiple comparison tests
between the average bacterial population values of
 the
soils, sandy loam, clay loam and clay textured soils were
different from each other (p < 0.05). The highest value
was determined as 239 107 CFU/mL in the clay class, and
the lowest value was determined as 171 107 CFU/mL in
the clay loam class (Figure 1). In the treatment group, the
average bacterial population values of the soils, in which B.
megaterium and B. subtilis bacteria were inoculated, were
not statistically different from each other, and the average
bacterial population values of the soils in which B. arenosi
was inoculated were different from the other two (p <
0.05).
Among the treatments, the highest average bacterial
population value was found to be 242 107 CFU/mL in soils
treated with B. arenosi, and the lowest value was found
as 172 107 CFU/mL in soils treated with B. megaterium
(Figure 1). The average bacterial population in the III.
and IV. incubation times was not different in the multiple
comparison tests depending on the incubation period.
However, it was different in the other incubation times. A

linear increase in the bacterial population was observed
depending on the elapsed time. Accordingly, while the
highest bacterial population was found as 236 107 CFU/
mL in the V. incubation period, the lowest value was
determined as 145 107 CFU/mL in the incubation period
I (Figure 1).
As an abiotic factor, soil texture is one of the most
critical factors affecting organic matter content, microbial
biomass, and other soil properties (Scott and Robert,
2006). Different studies have emphasized that soil texture
affects bacterial populations and microbial communities
(Garbeva et al., 2004; Fang et al., 2005; Popelářová et al.,
2008). This study noted that soil texture had different effects
on the bacterial population, and B. arenosi inoculation
significantly increased the bacterial population in soils.
In addition, it was determined that the average bacterial
population value of clay textured soil was higher than
sandy loam and clay loam textured soils.
3.2. The effects of bacterial inoculations on the physical
properties of soils
The results of the variance analysis related to the physical
properties of the soils; bulk density, total porosity, mean
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weight diameter and intrinsic permeability parameters
at different incubation periods of bacterial inoculation
into soils with different textures are significant (p < 0.01).
The results of the variance analysis of the researched soils
are given in Table 3, the overall average values of
 the
parameters are given in Table 4, and the average values
of application depending

on the soil texture are given in
Table 5, Table 6, Table 7, and Figures.
3.2.1. Bulk density and total porosity
The effects of the applications on the soils general values
of bulk density and total porosity, depending on the
incubation periods are given in Figures 2 and 3. The
overall average values are
 given in Table 4. According to
the multiple range test results performed between the
average values of
 the various sources of the bulk density,

the average bulk density values of
 sandy loam, clay loam,
and clay textured soils were statistically different (p <
0.05). According to the bulk density and total porosity
results, soils (S), applications (A), incubation periods (IP),
and their interactions, except of S * A * IP, were found
statistically significant (p < 0.01) (Table 3).
The highest overall average of bulk density value was
found to be 1.28 g/cm3 in the sandy loam soil, and the
lowest bulk density value was determined as 1.05 g/cm3
in clay textured soil (Figure 2 and Table 4). The highest
average of bulk density value was 1.26 g/cm3 in the
control soil in the application group. The lowest value
was determined as 1.12 g/cm3 in the soils inoculated with
B. subtilis and B. megaterium (Table 4). The bulk density
values of the control soils and the soils inoculated with B.

Figure
Population
values
of bacteria
inoculated
into research
at different
incubation
periods.
Figure1.1.
Population
values
of bacteria
inoculated
intosoils
research
soils
at different
incubation

periods.

Table 3. Analysis of variance of the researched soils.
Bulk density

Total porosity

Mean weight
diameter

Intrinsic permeability

MS

F

MS

F

MS

MS

Source of variation

df

Soil (S)

2

0.783

13680.301**

1194.517

14931.467** 1.021

5622.654** 1.696

12989.698**

Applications (A)

3

0.224

3906.706**

306.189

38.27.360** 0.509

2799.507** 1.182

9057.214**

Incubation period (IP) 4

0.004

74.626**

5.897

73.709**

0.139

766.136**

0.011

81.483**

S*A

6

0.013

228.521**

18.295

228.685**

0.084

462.186**

8.556E–005 660.631**

S * IP

8

0.00025

3.566**

0.292

3.652**

0.025

134.914**

0.001

0.655ns

A * IP

12

0.00037

6.600**

0.523

6.543**

0.010

53.143**

0.001

8.388**

S * A * IP

24

6.42E–0.05 1.122

0.094

1.174

0.017

93.227**

1.093E–04

0.837 ns

Error

120

5.722E–005

0.080

ns

*: p < 0.05, **: p < 0.01 ; ns: not significant; MS: mean square
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Table 4. Overall average values of the physical properties of the soils studied.
Bulk density
(g/cm3)

Total porosity
(%)

Mean weight diameter
(mm)

Intrinsic permeability
(µm2)

Sandy loam

1.28a ± 0.08*

52.5c ± 3.08

0.92c ± 0.07

0.58a ± 0.22

Clay loam

1.15b ± 0.07

57.5b ± 2.65

1.15a ± 0.13

0.34b ± 0.12

Clay

1.05 ± 0.03

61.4 ± 1.27

1.14 ± 0.18

0.26c ± 0.1

Control

1.26a ± 0.13

53.2c ± 5.0

0.92c ± 0.11

0.64a ± 0.23

B. arenosi

1.13b ± 0.08

58.3b ± 3.31

1.10b ± 0.17

0.31c ± 0.11

B. megaterium

1.12 ± 0.08

58.5 ± 3.30

1.10 ± 0.14

0.33b ± 0.11

B. subtilis

1.12c ± 0.08

58.5a ± 3.31

1.17a ± 0.16

0.29d ± 0.11

Control

1.26a ± 0.13

53.2f ± 5.0

0.92e ± 0.11

0.64a ± 0.23

I. (20 day)

1.14b ± 0.08

57.8e ± 3.31

1.15b ± 0.19

0.29f ± 0.11

II. (40 day)

1.13 ± 0.08

58.1 ± 3.29

1.18 ± 0.18

0.30e ± 0.12

III. (60 day)

1.12d ± 0.09

58.5c ± 3.37

1.15b ± 0.12

0.31d ± 0.11

IV. (80 day)

1.11 ± 0.08

58.7 ± 3.31

1.07 ± 0.14

0.33c ± 0.10

V. (100 day)

1.11e ± 0.08

59.1a ± 3.23

1.04d ± 0.14

0.34b ± 0.11

Sources of variation
Soil

c

a

b

Applications

c

a

b

Incubation period

c

e

d

b

a

c

Standard deviation
Nonidentical letters are different from each other (p < 0.05)
*

Table 5. Average values of the physical properties of the sandy loam soil.
Bulk density
(g/cm3)

Total porosity
(%)

Mean weight diameter
(mm)

Intrinsic permeability
(µm2)

Control

1.42a ± 0.01*

47.3c ± 0.39

0.87d ± 0.06

0.95a ± 0.01

B. arenosi

1.24 ± 0.01

54.0 ± 0.39

0.90 ± 0.07

0.45c ± 0.02

B. megaterium

1.23c ± 0.01

54.4a ± 0.51

0.93b ± 0.06

0.48b ± 0.03

B. subtilis

1.23 ± 0.02

54.3 ± 0.58

0.96 ± 0.04

0.44c ± 0.02

Sources of variation
Applications

b

c

b

a

c

a

Standard deviation
Nonidentical letters are different from each other (p < 0.05)
*

arenosi were statistically different (p < 0.05). There was no
statistical difference between the bulk density values of the
soils inoculated with B. megaterium and B. subtilis.
There was a significant (p < 0.05) difference between
the average bulk density values of
 the incubation period.
The highest average bulk density value was 1.14 g/cm3 in
the first incubation period, while average bulk density
showed a linear decrease depending on time. It became
1.11 g/cm3 in the V. incubation period (Table 4). The bulk
density decreased the highest rate in medium-textured
soils inoculated with B. arenosi and B. subtilis by 13.4%
compared to the control group (Table 6).

The highest value of bulk density among the texture
groups was determined as 1.42 g/cm3 in the control group
of sandy loam soils (Table 5), and the lowest value was
found as 1.03 g/cm3 in the clay soils (Table 7) inoculated
with B. subtilis and B. megaterium (Figure 2).
Canbolat et al., (2006) emphasized that bacterial activity
and population in the soil decreased the soil bulk density
value. Microbial biomass and total nitrogen content in the
soil environment have a significant negative relationship
with bulk density (Rowse and Stone, 1981; Li et al., 2002).
The total porosity of the soils was significantly affected
(p < 0.05) due to the effects of bacterial inoculation on the
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Table 6. Average values of the physical properties of the clay loam soil.
Bulk density
(g/cm3)

Total porosity
(%)

Mean weight diameter
(mm)

Intrinsic permeability
(µm2)

Control

1.27a ± 0.01*

53.1c ± 0.30

0.99d ± 0.03

0.54a ± 0.01

B. arenosi

1.10c ± 0.01

59.1a ± 0.60

1.16c ± 0.1

0.30b ± 0.02

B. megaterium

1.11 ± 0.02

58.8 ± 0.66

1.20 ± 0.06

0.29c ± 0.02

B. subtilis

1.10c ± 0.02

59.1a ± 0.86

1.205a ± 0.05

0.25d ± 0.02

Sources of variation
Applications

b

b

b

Standard deviation
Nonidentical letters are different from each other (p < 0.05)
*

Table 7. Average values of the physical properties of the clay soil.
Bulk density
(g/cm3)

Total porosity
(%)

Mean weight diameter
(mm)

Intrinsic permeability
(µm2)

Control

1.11a ± 0.01

59.3c ± 0.37

0.89d ± 0.08

0.41a ± 0.01

B. arenosi

1.04b ± 0.01

61.9b ± 0.29

1.22b ± 0.14

0.18c ± 0.03

B. megaterium

1.03 ± 0.01

62.2 ± 0.46

1.15 ± 0.1

0.22b ± 0.02

B. subtilis

1.03c ± 0.01

62.2a ± 0.40

1.30a ± 0.08

0.19c ± 0.03

Sources of variation
Applications

c

a

c

Standard deviation
Nonidentical letters are different from each other (p < 0.05)
*
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bulk density. On total porosity, compared to control soil,
in coarse, medium and fine-textured soils, inoculation of
B. arenosi caused an increase of 14.3%, 11.3%, and 4.3%,
B. megaterium revealed an increase of 15.0%, 10.8%, and
4.9%, and B. subtilis displayed an increase of 15.0%, 11.5%,
and 4.9%, respectively (Table 5, 6 and 7). Accordingly, the
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inoculation of bacteria on the total porosity was more
effective in coarse-textured soils than in fine-textured soils.
There were significant (p < 0.05) differences between
the average total porosity values of the incubation period.
The highest total porosity value for all three bacteria was
recorded in the V. incubation period in the soil samples
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(Figure 3). The effects of the inoculated bacteria on the
average total porosity in the incubation periods were higher
in coarse-textured soils than in the other two textured
soils (Table 5). It was determined that after the bacterial
inoculation, the amount of average porosity increased
as 14.8%, 11.1%, and 4.7% in coarse, medium and finetextured soils, respectively, compared to the control soils
(Figure 3). Among the applications, B. megaterium and B.
subtilis inoculations had positive effects on overall porosity
compared to B. arenosi. The total porosity increased
linearly with time by 12 % at the incubation periods (Table
4).
As a result, depending on the bacterial cells density,
the bulk density decreases and the soil porosity increases
(Artyszak and Gozdowski, 2020). The findings obtained in
this study demonstrated similar results.
3.2.2. Mean weight diameter
The effects of the applications on the average mean weight
diameter values of the soils depending on the incubation
periods are given in Figure 4, and the overall average values
are given in Table 4. Soil aggregation represented by mean
weight diameter was statistically different in sandy loam,
clay loam and clay textured soils (p < 0.05). According
to the mean weight diameter results; soils, applications,
incubation periods and their interactions, were found
statistically different (p < 0.01) (Table 3).
The highest overall average mean weight diameter
value was 1.15 mm in clay loam textured soil. The lowest
value was determined 0.92 mm in sandy loam soil (Table
4). While there was no statistically significant difference
between the mean weight diameter value of the soils
inoculated with B. arenosi and B. megaterium from the
application groups, it was determined that the control
group and the other application groups were statistically

different (p < 0.05). It was determined that the lowest value
among the applications was 0.92 mm in the control soil,
and the highest mean weight diameter value was 1.17 mm
in the soils inoculated with B. subtilis (Table 4).
In coarse and medium-textured soils, the highest mean
weight diameter value for bacteria inoculation was 0.96
mm and 1.20 mm in B. subtilis, respectively. The lowest
mean weight diameter value was determined 0.90 mm and
1.16 mm in B. arenosi inoculation soils (Table 5 and 6). In
fine-textured soil, the highest mean weight diameter value
was determined 1.29 mm in B. subtilis, and the lowest
mean weight diameter value was determined 1.15 mm in B.
megaterium inoculation (Figure 4). B. subtilis inoculation
effectively increased the mean weight diameter in soil
samples.
It was reported that in terms of mean weight diameter
values, there was no difference between the periods of I
and III, and the others were different from each other at the
level of 5%. When the research results were investigated,
it was determined that the average mean weight diameter
increased to 1.18 mm in the 40-day incubation period.
A linear decrease occurred with a 12% decrease as the
incubation period extended, and the lowest mean weight
diameter value was determined 1.04 mm in the V. period.
The mean weight diameter increased the highest rate in
fine textured soils inoculated with B. subtilis by 46.1%
compared to the control group (Table 7).
Microorganisms are essential for soil aggregation and
stabilization (Costa et al., 2018). Effect of microorganisms
on the stabilization of soil structure varies with microbial
species, available substrates and soil management (Umer
and Rajab, 2012; Costa et al., 2018). Bacteria are usually
produce polysaccharides or glycoprotein layers that coat the
surface of soil particles. These substances play an essential
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role in developing microaggregates and soil structure by
bonding sand, silt and clay particles (Hoorman, 2011).
Mean weight diameter, which is one of the parameters
used in the expression of soil aggregation, emphasizes
the proportional distribution of aggregate fractions and
aggregate stability (Kihara et al., 2012). Texture and organic
carbon are important to aggregate stability (Abiven et al.,
2009). There is a positive relationship between soil organic
carbon and mean weight diameter value (Erktan et al.,
2015; Tuo et al., 2017). In parallel with the data obtained in
the studies, it was determined that bacteria inoculated into
soils with different textures increased aggregation, and
consequently, the mean weight diameter values increased.
When the mean weight diameter values of
 the study were
examined, it was reported that there was a significant
increase in the aggregation values 
of the bacteria
inoculated soils compared to the control group soils.
Soil bacteria form microaggregates in the soil by binding
soil particles together (Ingham, 2009). Bacteria have an
essential effect on the water, nutrient, and ecosystem by
enabling soil aggregation and improving soil structure.
This study determined that the stability increased due to
the inoculation of bacteria on soils with different textural
properties.
3.2.3. Intrinsic permeability
The effects of the applications on the average intrinsic
permeability values of the soils depending on the incubation
periods are given in Figure 5. The overall average values are
given in Table 4. According to the intrinsic permeability
results; soils, applications, incubation periods, and their
interactions S * A and S * IP were found statistically
different (p < 0.01) (Table 3).
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It was determined that the highest intrinsic
permeability value was 0.58 µm2 in sandy loam textured
soils, and the lowest intrinsic permeability value was
0.26 µm2 in clay soils (Table 4). The higher permeability
of coarse-textured soils than fine-textured soils is related
to the pore geometry and porosity of the soils. The mean
intrinsic permeability values of
 the control group soils and
the bacteria inoculated soils from the application groups
were statistically different (p < 0.05). The highest mean
intrinsic permeability value was determined to be 0.64 µm2
in the control soils, while the lowest value was found to be
0.29 µm2 in the soils inoculated with B. subtilis (Table 4).
The mean intrinsic permeability value of the control
group soils decreased by 51%, 48%, and 53%, respectively,
after B. arenosi, B. megaterium, and B. subtilis inoculations
(Table 4). The intrinsic permeability value is expected to
increase linearly due to increasing the aggregation value
of soil after bacteria inoculation. In contrast, the decrease
in the intrinsic permeability value is related to the biomass
properties of the bacteria applied to the soil. Bacteria
applied to the soil caused clogging in the soil pores, and the
resulting biological clogging decreased the permeability
value of the soils (Seki et al., 1998; Kroener et al., 2014).
When the incubation periods were examined, it was found
that the mean intrinsic permeability values of
 all times
were statistically different. The lowest value was found to
be 0.29 µm2 on the 20. day, while the highest value was
determined 0.34 µm2 on the 100. day (Table 4 and Figure
5). The intrinsic permeability decreased the highest rate in
medium textured soils inoculated with B. subtilis by 53.7%
compared to the control group (Table 6).
Soil structure and soil textural properties affect soil
water permeability, available water capacity, and storage
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capacity (Rabot et al., 2018). Different studies have
revealed that permeability, infiltration, aeration, and the
resistance of the soil to loosening and dispersion increase
with the increase of aggregate stability (Bandyopadhyay
et al., 2009: Indoria et al., 2017; Dong, 2021). However,
the accumulation of microbiological organisms in soil
microspores and the biological clogging of soil pores of
extracellular polymeric substances known as microbial
metabolic products reduce soil permeability (Volk et al.,
2016; Kroener et al., 2018; Yang et al., 2021). Hydraulic
conductivity can be improved by overcoming the clogging
in soil pores with various chemical and mechanical
applications (Hou et al., 2021).
In this study, it was determined that B. arenosi, B.
megaterium, and B. subtilis inoculated on soils with
different textural properties decreased the intrinsic
permeability value of the soils in parallel with previous
studies.
As a result, the effects of bacteria on the water
transmission properties of the soil may change depending
on the soil texture and pore character. Permeability
decreases in proportion to the reduction of particle size
and the products provided by the bacteria.
4. Conclusions
According to the research findings, the physical properties
of the soil were significantly affected by the results of the
microbiological activity. It has been determined that B.
arenosi, B. megaterium, and B. subtilis bacteria can exert
significant positive effects on the physical properties of
soils. Beneficial bacterial activities due to the inoculation

of bacteria into the soil had significant effects on the
bulk density of the soil, total porosity, mean weight
diameter, and intrinsic permeability. A decrease in bulk
density and intrinsic permeability, and an increase in
total porosity were recorded with bacterial inoculation.
Bacteria inoculation caused an increase in the mean
weight diameter by being effective on aggregation. This
effect is due to the role of organic compounds provided
to the environment, especially after the decomposition
of organic matter, on the soil structure. However, the
improvement of the physical properties of the soil is
related to the sustainable microorganism activity and
organic matter content, and organic materials must
support the soil.
With the results of this research, the effect of 3
bacterial isolates inoculated into soils with different
textural properties on the physical properties of soils was
demonstrated with a comparative approach. In addition,
by considering the data obtained in this study, Bacillus
megaterium and Bacillus subtilis bacteria, which are
widely used as commercial microbial fertilizers, as well
as Bacillus arenosi bacteria improved the soil’s physical
properties and it can be stated that this situation can be
evaluated in a more common usage area by creating a
significant effect on plant growth.
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